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Abstract

We use small-scale structures (meso-structures) to investigate strain and to interpret the deformation history of the Moose

Mountain structure in the southern Canadian Rocky Mountains. Small-scale structures measured at seven sites encompass 440
measurements of fault planes with striations, veins and fold axes. Kinematic analysis suggests that these meso-structures record
three di�erent shortening directions that changed during the evolution of the Moose Mountain structure from NE±SW±ENE±
WSW, to E±W and subsequently to NNE±SSW. NE±SW±ENE±WSW shortening is compatible with the large-scale geometry of

the Moose Mountain structure and with thrust-fault orientation in the study region, whereas the relationship with E±W and
NNE±SSW shortening is less obvious. Small-scale reverse faults and part of the veins are interpreted as forming during early
deformation in association with the development of the macro-scale thrust faults of the Rocky Mountains, whereas the

mesoscopic strike-slip faults, veins and micro-folds developed later. A relatively large number of the strike-slip faults and veins
are interpreted to have been generated by reactivation of pre-existing structures. This study demonstrates again that small-scale
structures can discriminate modi®cations in regional strain directions and identify moderate episodes of deformation within

deformed terrains such as the Foothills thrust-belt. # 1998 Elsevier Science Ltd. All rights reserved.

1. Introduction

The Moose Mountain structure is located 50 km
west-southwest of Calgary in the westernmost part of
the Rocky Mountain foothills, Canada (Fig. 1). It is
situated immediately east of the McConnell Thrust,
which de®nes the eastern limit of the Front Ranges of
the Rocky Mountains (Fig. 1). The structure consists
of an upper folded and faulted thrust sheets compris-
ing Paleozoic and Mesozoic rocks (Fig. 2) carried by
the Moose Mountain Thrust Fault (Newson and
Sanderson, 1996). This thrust sheet is folded over an
underlying antiformal stack of thrust sheets (Fig. 2)
and the whole complex has been displaced east-north-
eastward for several tens of kilometres (Price and
Mountjoy, 1970; McMechan, 1995; Newson and
Sanderson, 1996). The structure was generated in Late
Cretaceous±Early Tertiary time during the Laramide
Orogeny and was subsequently a�ected by post-oro-
genic uplift in the late Cenozoic (Price and Mountjoy,
1970). Like many such structures in the foothills, the
axis of the Moose Mountain structure trends north-

northwest, parallel to the surface traces of associated
and adjacent faults (Fig. 1). Exploration and pro-
duction wells drilled on the structure have shown that
what appears to be a relatively simple faulted anticline
at the surface is actually a complexly-faulted anticline,
cored and uplifted by an imbricate stack of thrust
sheets with an east-northeast vergence (Fig. 2) (Jones,
1971; Newson and Sanderson, 1996).

The major features of Moose Mountain structure
and the surrounding foothills re¯ect the large-scale
e�ects of Laramide deformation in the Canadian
Cordillera (Figs. 1 and 2). Nevertheless, its deformation
history may involve other, possibly more moderate, re-
gional phases of deformation that are not easily distin-
guished by analyses of large-scale structures. Meso-
structures are features at the scale of an outcrop or
smaller (mm to several m) (Hancock and Atyia, 1979;
Eyal and Reches, 1983). Formation of primary and/or
reactivation of pre-existing meso-structures may
develop under moderate strain conditions insu�cient
to form new and/or reactivate older macro-structures
(Eyal and Reches, 1983). In addition, rocks often retain
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early generations of meso-structures throughout sub-
sequent phases of deformation. In most cases, identi®-
cation of reactivated meso-structures (e.g.
superposition of cross-cutting sets of striations on the
same fault plane) is more feasible and more precise

than distinguishing reactivation of macro-structures.
As an example, in the Rocky Mountains south of the
study region mesoscopic subfabrics of rocks record
both northerly and northwesterly trending shortening
axes whereas megascopic scale structures have either

Fig. 1. Geological map of the Moose Mountain structure (after McMechan, 1995) showing locations of seven sites where meso-structures were

measured. Geological symbols which correspond to those on GSC Map 1865a (McMechan, 1995) are as follows: Kbz-uÐUpper part, Brazeau

Formation, Kbz-lÐLower part, Brazeau Formation, KwpÐWapiabi Formation, KcaÐCardium Formation, KbkÐBlackstone Formation,

KblÐCadomin, Gladstone, Beaver Mines and Mill Creek Formations (undivided), JKkÐKootenay Group, JfÐFernie Formation, CrÐRundle

Group, DCebÐExshaw and Ban� Formations. KÐCretaceous, JÐJurassic, CÐCarboniferous, DÐDevonian. Rose diagrams summarize short-

ening directions recorded at each site.
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the ®rst trend or the second, but not both (Price, 1967).
Therefore, meso-structures can often provide a more
sensitive and comprehensive record of deformation his-
tory than large-scale structures, particularly for moder-
ate strain ®elds and complex deformation histories.
This viewpoint is at variance with conventional asser-
tion that strain trends recorded by both macro-struc-
tures and meso-structures in the same area will
essentially be consistently aligned (e.g. Wartolowska,
1972; Hancock and Atyia, 1979; Reches et al., 1981).

Price (1967) studied meso-scale structures in the
southern Rocky Mountains near the Crowsnest Pass
area, south of the study region. He suggests that a
great number of the meso-scale structures evolved by
reactivation of pre-existing fractures which were gener-
ated prior to the major thrusting. Price (1967) further
indicates that movement parallel with macro-scale
structures is also dominant among the meso-scale
structures, but in addition, the meso-scale structures
record movement along additional axes. To date, no
comparable small-scale structure studies were carried
out in the foothills in the Moose Mountain region. In
the present study we use small-scale structures to in-
vestigate the deformation history of the Moose
Mountain structure in an attempt to document
changes in paleostress orientations in the deformed
belt of western Canada.

2. Field measurements and data processing

The sites studied are located at a variety of strati-
graphic levels and their spatial and vertical distri-
butions provide good three dimensional cover of the
upper part of the Moose Mountain structure (Fig. 1
and Table 1). We measured attitudes of meso-faults,
striations on fault planes, veins and fold axes. These
features comprise most of the meso-structures in the
study area. General reviews of the data acquisition
and analytical techniques used in this study are pre-
sented by Angelier (1979), Angelier et al. (1985), Eyal
and Reches (1983), Eyal and Ron (1995) and Angelier
(1994).

Maximum and minimum horizontal shortening and
paleostress directions, respectively referred to as SHmax

and Shmin, were inferred for each locality from the
strain expressed by the meso-structures mean orien-
tations (Angelier, 1979, 1994) (Figs. 3±5). We assume
that SHmax is sub-parallel to the maximum horizontal
shortening axis and that Shmin is aligned with the axis
of maximum extension. Fold axes and veins provide
indication for shortening and extension directions. The
®rst trend is assumed to be perpendicular to, and the
latter parallel to, the axes of maximum shortening.
However, determination of the shortening direction
from faults can be more complex. Striae on fracture

surfaces are assumed to represent evidence for displa-
cement with their plunge indicating the general trend
of motion, thus allowing their classi®cation into dip-
slip and strike-slip faults. The true sense of displace-
ment was determined in the ®eld from relationships
between secondary mineralization in small pull-apart
cavities, slickolites along the striae and fault-plane irre-
gularities. For strike-slip faults with a known sense of
motion we assume that SHmax is sub-parallel to the
acute bisectrix between a conjugate set of right- and
left-lateral faults, or is oriented at 308 to a fault strike
where the inferred sense is consistent with the observed
slip. For dip-slip faults, we assume that the SHmax or
Shmin is perpendicular to the fault strike and depends
on whether the fault is, respectively, normal or reverse.
Faults for which the true sense of displacement could
not be determined were assigned to either of the
groups with o�sets assigned on the basis of similarity
of both strike and striation orientations. The assign-
ments were made on the assumption that faults with
similar attitudes would have experienced displacement
in the same strain ®elds (for more details see
Discussion).

Meso-structures studied, particularly faults, may be
the product of multiple phases of deformation and
reactivation of older structures. Indeed, determination
of these phases and their relative timing is crucial for
structural analysis of any deformed area. However, in
many cases, the striae observed on a fault surface
re¯ect mainly the later phases of deformation whereas
signals for older phases may be obscured or completely
erased. Hence, how far back generations of defor-
mation can be reconstructed is restricted by the preser-
vation of evidence.

We use Allmendinger's (1992) stereonet program for
data processing and for the mean vector calculations
on which the paleostrain trend determinations are
based. All data were corrected (¯attened) to eliminate
bedding tilt at the measuring sites and the results were
compared and tested for internal consistency, as dis-
cussed below.

Four hundred and forty meso-structures measured
in seven sites across the Moose Mountain structure are
used in this study (Fig. 1). This dataset includes 347
small faults ranging in size between a few centimetres
to a few tens of metres, 51 fold axes up to a few tens
of centimetres in size, and 42 calcite-®lled veins. The
42 measured calcite veins comprise a small representa-
tive part only of the veins present in the sites studied.
The meso-structures recorded were classi®ed into
groups based on type and orientation of structures,
and their sense of motion. A total of 25 groups and
their inferred SHmax were obtained for the seven sites
studied. Site stratigraphy, data obtained and their
classi®cation are summarized in Figs. 3±5 and Table 1.
The sense of slip along fault planes was determined in
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Fig. 3. Lower hemisphere equal-area stereographic projection of data for the seven sites studied. Dots and open squares represent poles to fault

planes and veins, and fold axes orientations. The open squares are the upper hemisphere projection of pole to planes dipping opposite to the ma-

jority of the group. The large black squares and circles represent calculated mean pole to planes and striae, respectively. The great circle is the

mean fault plane and the small circles outline 95% con®dence level (a95). LL = left lateral; RL = right lateral; RF = reverse fault;

Nor = normal fault; FA = fold axes; V = veins; large arrows indicate mean shortening and extension directions.



the ®eld for 38% of the faults measured (37 right-lat-
eral, 52 left-lateral, 37 reverse faults, and seven normal
faults). The rest of the faults were assigned to speci®c
groups based on type of structure and orientation only
(see Discussion). Table 1 presents the mean attitudes
for an entire fault set and the mean attitudes of those
faults where the sense of motion was determined in the
®eld (13 out of 20 fault-sets include at least ®ve such
faults). The greatest di�erence in dip magnitudes or
directions between these two categories is 108, whereas
in the majority of cases it is less than 58.

3. Site observations and related shortening directions

Site 3 is a roadcut within the Paleozoic Rundle
Group carbonate rocks on the southwest ¯ank of the
Moose Mountain structure (Fig. 1). The meso-struc-
tures recorded at this site form eight groups (Table 1
and Fig. 3a±f). Groups I and II comprise 29 left-lateral
and 16 right-lateral steeply dipping strike-slip faults
(Fig. 3a and b). Both sets strike NE±SW to ENE±
WSW. The mean striations are sub-horizontal and
oblique and are compatible with NNE±SSW and
ENE±WSW shortening, respectively. Along eight
faults we found both right-lateral and left-lateral striae
on the same fault plane. Groups III and IV consist of
20 high-angle reverse faults with a common strike
(NNW±SSE), but opposite dips (Fig. 3c). Dip-slip
striae characterizing the reverse fault planes indicate
ENE±WSW shortening subparallel to that inferred for
the right-lateral faults (Fig. 3b). Groups V and VI con-
sist of 12 normal faults with a common strike (NE±
SW) and around 708 dip, but in opposite directions
(Fig. 3d). Some of the dip-slip striae on normal fault
planes are partly overprinted by left-lateral striae.
Groups VII and VIII comprise two sets of veins strik-
ing NW±SE and NE±SW (Fig. 3e and f). On some of
the NE±SW veins we observed sub-horizontal striae.

Site 6 is a ridge of coarse-grained cross-bedded
Jurassic Kootenay Group sandstone on the northeast
¯ank of the structure (Fig. 1). Meso-structures
measured in this site are classi®ed into four groups
(Table 1 and Fig. 3g±i). Groups I and II comprise two
sets of 21 left-lateral (Fig. 3g) and 26 right-lateral
(Fig. 3h) steeply dipping strike-slip faults, which are
interpreted as a conjugate set. Groups III and IV con-
sist of 14 reverse fault sets striking NW±SE to WNW±
ESE, but dipping in opposite directions (Fig. 3i). The
bisectrix of the acute angle of the conjugate strike-slip
fault set is oriented between ENE±WSW and NE±SW.
This axis coincides with a trend perpendicular to the
mean strike of the reverse faults. At Site 6, the a95 of
all the fault sets is relatively low, but their striae are
highly scattered and for this reason their mean values
were not included in Table 1 and Fig. 3g and h. No
obvious reason for this scatter is apparent in outcrop,
but it may re¯ect depositional fabrics of the sandstone.

Site 7 is located along a roadcut exposing Jurassic
Kootenay Group clastics on the eastern ¯ank of the
Moose Mountain Structure (Fig. 1). The meso-struc-
tures studied in this site form two groups (Table 1 and
Fig. 3j and k). Group I consists of 30 reverse faults
(Fig. 3j) with a 678/2278 mean fault-plane dip and 598/
2568 mean striations plunge (Fig. 3j) indicating slightly
oblique displacements. On two of the fault planes we
observed dip-slip reverse striae overprinted by right-
slip striae. Group II comprises 18 small-scale fold axes
obtained in sandstone, shale and coal interlayers at

Fig. 4. Summary of shortening orientations recorded by meso-struc-

tures (lower hemisphere projection). Symbols as in Fig. 3.

Fig. 5. Lower hemisphere equal-area stereographic projection of

fault data from Site 13 whose sense of motion was determined in the

®eld: aÐreverse faults, and bÐstrike-slip faults. Symbols as in Fig. 3.
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this site with a 148/1658 mean plunge and azimuth
(Fig. 3k). Furthermore, we observed that a few of the
fault planes and their associated striae were also
folded. The mean plunge of the axes of the small folds
is also 148/1658, sub-parallel to the traces of thrust
faults and the axes of the larger mapped folds (Fig. 1).
The axis perpendicular to the mean fold axis, assumed
to correspond to the shortening direction, is parallel to
the mean striae orientation of the reverse faults, imply-
ing activation under a similar stress ®eld.

Site 8 is located on the north branch of Canyon
Creek where Middle Paleozoic carbonates are exposed
in the core of Moose Mountain structure. The meso-
structures measured at this site classify into three
groups (Table 1 and Fig. 3l and m). Groups I and II
comprise 21 left-lateral and 17 right-lateral strike-slip
faults (Fig. 3l). The left-lateral strike-slip faults are
characterized by steep attitude (mean dip 788/1528)
and are concordant in their geometry with the 26 cal-
cite-®lled veins (cf. Fig. 3l and m). Eight of the left-lat-
eral fault striae were measured on calcite veins. Dips
characterizing the right-lateral faults are more moder-
ate (418/0618). Group III consists of 26 veins (with no
indications of strike-slip displacement) (Fig. 3m). The
veins are characterized by relatively steep dips (868/
3318). The large dihedral angle, about 908, between the
left- and right-lateral faults as well as the di�erence in
their dips suggest that they might not have been gener-
ated as a conjugate set although they are both compa-
tible with a NNE±SSW shortening (Fig. 3l). The mean
plunge of 128/3478 recorded for right-lateral fault
striae points to strike-slip movement, although the
fault plane strike and moderate mean dip (418/0618)
are concordant with both the reverse faults elsewhere
in the study area (e.g. Fig. 3c, i & j) and the axis of
the Moose Mountain structure. The calcite-®lled veins
indicate NNW±SSE extension implying ENE±WSW
maximum shortening (Fig. 3m). Hence, despite the
concordant attitudes, the striae on the left-lateral faults
record di�erently oriented horizontal shortening and
could not have formed in the same stress ®eld that
generated the veins.

The measurements at Site 12 were made in Jurassic
Fernie Formation shale and coal exposures along
Canyon Creek on the southwest ¯ank of the Moose
Mountain structure (Fig. 1). The meso-structures at
this site comprise two groups (Table 1 and Fig. 3n
and o). Group I consists of 17 right-lateral strike-slip
faults with 0708 mean strike compatible of E±W short-
ening (Fig. 3n). Group II consists of 33 fold axes with
a tightly clustered 88/1168 mean plunge that suggests
NNE±SSW shortening (Fig. 3o).

Site 13 is a roadcut exposing Jurassic Fernie
Formation shale and coal northwest of Moose
Mountain summit. The meso-structures studied in this
site form four groups (Table 1 and Fig. 3p and q).

Groups I and II comprise a conjugate set of 20 WNW±
ESE striking left-lateral and 19 WSW±ENE striking
right-lateral strike-slip faults with acute bisectrix indi-
cating an E±W maximum shortening axis (Fig. 3p).
Groups III and IV consist of 32 reverse faults with a
common NNW±SSE strike, but opposite dips (Fig. 3q).
Their dip-slip striae indicate ENE±WSW shortening.

Site 15 is an outcrop of a clastic section of Jurassic
Kootenay Formation on the northwestern part of the
Moose Mountain anticline (Fig. 1). The meso-struc-
tures studied at this site comprise two groups of 34
left-lateral and 18 right-lateral strike-slip faults (Table 1
and Fig. 3r). These two groups form a conjugate set
indicating an approximately E±W maximum shorten-
ing. Fault planes and striations were measured on two
¯anks of a local fold and retilting correction improves
their clustering on the stereoplot suggesting that fault-
ing predates folding (Fig. 3r). This relationship is also
apparent in outcrop because the striae observed on the
normal-to-bedding fault planes are bedding parallel.

4. Discussion

The measurements recorded in the seven sites stu-
died were classi®ed into 25 groups of meso-structures
(Table 1). Assessment of the stress involved with the
generation of the meso-structures may be sometimes
ambiguous. Meso-structures re¯ect the deformation ex-
perienced at their speci®c locality at the time of their
formation or reactivation. Whether the stress ®eld
under which the deformation recorded by a certain
group of meso-structures was regional or local can be
di�cult to assess. Moreover, a speci®c assemblage of
meso-structures might be developed by a variety of
mechanisms and/or reactivation of pre-existing struc-
tures.

The 25 meso-structure groups recorded indicate
three major shortening directions, NE±SW to ENE±
WSW, E±W and NNE±SSW. The dominant shorten-
ing direction is the NE±SW to ENE±WSW which was
exhibited by 15 groups from six of the seven sites, the
exception being Site 12. This shortening direction is
indicated by: NW±SE striking reverse faults (Sites 3, 6,
7 and 13); ENE±WSW striking left-lateral strike-slip
faults (Site 6); NE±SW striking right-lateral strike-slip
faults (Sites 3 and 6); NE±SW striking veins (Sites 3
and 8); NE±SW normal faults (Site 3), and SSE plun-
ging fold axes (Site 7). E±W shortening is indicated by
®ve groups in three sites: ENE±WSW striking right-
lateral strike-slip faults (Site 12) and two conjugate
sets of strike-slip faults (Sites 13 and 15). Shortening
along a NNE±SSW direction is indicated by four
groups from three sites: NE±SW striking left-lateral
strike-slip faults (Site 3), a conjugate set of strike-slip
faults (Site 8) and ESE plunging fold axes (Site 12).
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From the small displacement recorded along the
meso-faults and cumulative width of veins in the stu-
died area we estimate that the total deformation
involved with the meso-structures studied is about 5%.
Hence, we assume a coaxiality of the principal strains
and paleostresses (e.g. Reches and Eyal, 1983). This
implies that the deformation history of the Moose
Mountain structure according to the studied meso-
structures was associated with three di�erent paleo
SHmax oriented NE±SW to ENE±WSW, E±W and
NNE±SSW (Fig. 4). Of the three shortening directions,
the NE±SW to ENE±WSW maximum shortening
direction is anticipated since it is perpendicular to the
axis of the Moose Mountain structure (Fig. 1) and to
the surface traces of regional thrust faults in the area.
This compression orientation is dominant among the
meso-structures in the study area and is aligned with
the structures of the youngest deformation phase of
the Rocky Mountain Front Ranges (Ower, 1975;
Price, 1981; McMechan and Thompson, 1989;
Monger, 1989; McMechan, 1995). However, this is not
the case with structures indicating E±W and NNE±
SSW orientations of maximum shortening. The large-
scale structures of the Rocky Mountains provide no
obvious evidence of such stress regimes.

4.1. Grouping of meso-faults

The 20 fault groups listed in Table 1 and illustrated
in Fig. 3 were assembled by combining faults, for
which the sense of motion was determined by ®eld evi-
dence, with those for which the sense of motion was
inferred based on similarity in attitudes of their planes
and striae to the former. Grouping meso-faults in this
way can be equivocal, particularly in tectonically com-
plex terrains. However, the assumption that faults with
similar strikes and striation trends have developed
under a similar strain provides the simplest expla-
nation. The uncertainty involved has limited signi®-
cance for the study since all fault groups (Table 1 and
Fig. 3) include faults for which true senses of motion
were determined. False inferences would a�ect only
the number of faults attributed to a certain group, but
not the actual existence of the group or the inferred
shortening direction.

For example, at Site 13 we report two groups of 39
strike-slip faults and two groups of 32 reverse faults
(Table 1 and Fig. 3p and q). Striae orientations de®ne
all faults in the ®rst groups as strike-slip and in the
second as dip-slip, but cannot resolve between left- or
right-lateral and normal or reverse slip. However, min-
eralization in small pull-apart cavities allows further
determination of nine left-lateral and seven right-lat-
eral faults within the strike-slip groups and 17 reverse
displacements in the dip-slip groups (Fig. 5 and
Table 1). The other 11 left-lateral, 13 right-lateral and

15 reverse faults (Fig. 3p and q, Table 1) were classi-
®ed by inferrence based on similarity of faults and
striae orientations. Di�erences are small between mean
attitudes for faults whose sense of motion was de®ned
in the ®eld vs those for all faults (cf. Fig. 3p vs 5a and
3q vs 5b).

At Site 3 we report 45 strike-slip faults striking gen-
erally northeast (Table 1 and Fig. 3a and b). Of these,
®eld evidence indicates that 12 are left-lateral and four
are right-lateral faults (Table 1). Classi®cation of the
remaining 24 strike-slip faults by inference probably
involves the greatest uncertainty of all cases in this
study due to the close attitude of both strike-slip
groups. Nevertheless, even if some or, in the worst
case, all 14 left-lateral and 10 right-lateral faults are
improperly assigned, the deviation of mean attitudes
with respect to that of the 16 strike-slip faults with
known senses of motion is relatively small (038).
Moreover, the inference of ENE±WSW shortening
from the right-lateral faults is augmented by the simi-
lar shortening axis implied by the reverse and normal
faults in the same site (Fig. 3c and d). The NNE±SSW
shortening suggested by the left-lateral faults is consist-
ent with meso-structural evidence at several other sites
(e.g. fold axis in site 12).

It should be emphasised that classi®cation by infer-
ence applies only to faults. It is used to assign a shear
sense to strike-slip faults and normal vs reverse for
dip-slip faults where the striae are not su�ciently diag-
nostic.

4.2. Paleostrain orientation and relative timing

It is worth considering the distribution of the paleo-
strain indicators and their possible timing implications.
Each of the three shortening orientations was recorded
by a variety of structures in at least three di�erent
sites. None of the seven sites contained meso-structures
recording all three shortening directions. However, ®ve
sites (3, 7, 8, 12, 13) have indications of two di�erent
shortening directions.

The youngest rock unit that contains evidence for
all three shortening directions is the Jurassic Fernie
Formation. This implies that all three shortening direc-
tions recorded by the meso-structures are post-
Jurassic, and possibly even post-Late Cretaceous, com-
parable with the time suggested for the Laramide de-
formation. Relative timing of di�erent shortening
directions can be established in some cases based on
relationships between structures. Reverse faults at Site
7 dip SW (2278) and their mean striae orientation is
WSW (2568) (Fig. 3j). Reverse faults in three other
sites in the study area (Sites 3, 6 and 13) are all
characterised by NE±SW to ENE±WSW dip orien-
tation and dip-slip striae (Fig. 3), indicating similar
shortening. We tentatively assume that the fault planes
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in Site 7 also originated as pure reverse faults under
NE±SW shortening and the ENE±WSW striae rep-
resent a later, slightly oblique motion on these fault
planes. This possibility is further corroborated by
striae cross-cutting relationships on two of the fault
planes. However, the possibility of a mixed-mode
single deformation cannot be excluded. Small-scale
fold axes indicating ENE±WSW shortening in Site 7
(Fig. 3k) which deform some fault planes and striae
further suggest that the reverse faulting predates the
folding and that shortening orientation changed from
NE±SW (00458) at an early stage to ENE±WSW
(0758) later on.

At Site 8 (Fig. 3l and m and Table 1) veins striking
0618 indicate extension perpendicular to this direction,
whereas the left-lateral and right-lateral strike-slip
faults represent NNE±SSW shortening. As noted
above, the dihedral angle for the apparent conjugate
set of strike-slip faults is 908, considerably wider than
the expected value of about 608. The mean attitude of
the right-lateral faults is, on one hand, characterized
by a relatively low dip compared to the sub-vertical
strike-slip faults elsewhere in the area, and, on the
other hand, its strike is sub-parallel to that of the
reverse faults at other sites (Fig. 3c, i, j and q). This
correspondence in orientation suggests that the right-
lateral strike-slip faults in Site 8 could have originally
formed as reverse faults under an ENE±WSW shorten-
ing, similar to that recorded by the veins at this lo-
cation (Fig. 3m and Table 1). If this is the case, the
right-lateral slip represents reactivation of pre-existing
reverse faults under NNE±SSW compression (Fig. 3l).
The pre-existing zones of weakness enabled the evol-
ution of right-lateral slip despite the deviation from an
optimal shear orientation. A similar mechanism prob-
ably applies also for the left-lateral strike-slip faults in
Site 8 where striae recorded on veins and almost iden-
tical mean strikes of faults and veins suggest that the
left-lateral slip is due to reactivation of former exten-
sional fractures (Fig. 3l and m). In such a case, the
veins and inferred former reverse faults would have
been generated by ENE±WSW shortening.
Subsequently, NNE±SSW compression reactivated
both pre-existing structures and produced the right
and left-lateral o�sets.

At Site 3 the reverse (Fig. 3c), normal (Fig. 3d), and
right-lateral strike-slip faults (Fig. 3b) are consistent
with an ENE±WSW shortening, whereas the northeast-
striking set of veins (Fig. 3f) suggests NW±SE exten-
sion (i.e. NE±SW SHmax). The left-lateral strike-slip
faults (Fig. 3a), although with a similar orientation to
the right-lateral faults (Fig. 3b), indicate NNE±SSW
shortening. Moreover, striae indicating both right-lat-
eral and left-lateral displacements are present on the
same fault plane. Indeed, the two opposing displace-
ments could not have been generated under the same

stress ®eld. Unfortunately, we could not determine
relative timing between the two types of striae.
However, both sets of strike-slip faults have a similar
orientation to the NE±SW striking vein set and the
normal faults (cf. Fig. 3a, b, d and f). In both strike-
slip fault sets, striae were observed on calcite veins.
Some dip-slip normal striae are partly overprinted by
left-lateral striae. This evidence indicates that the NE±
SW veins and normal faults predate both strike-slip
movements. Hence, we suggest tentatively that these
relationships document three deformation phases. The
NE±SW striking veins and normal faults represent the
earliest deformation phase that evolved under shorten-
ing, shortening at the same orientation and perpen-
dicular extension (Fig. 3d and f). A subsequent change
to ENE±WSW shortening resulted in reactivation of
the NE±SW pre-existing tensional fractures as right-
lateral faults (Fig. 3b) and the formation of the reverse
faults (Fig. 3c). The left-lateral strike-slip faults which
record NNE±SSW shortening postdate the meso-struc-
tures formed by NE±SW shortening, but no direct evi-
dence was found for their time relationship to meso-
structures which record ENE±WSW shortening.
However, at Site 8 meso-structures indicate that
NNE±SSW shortening postdates the NE±SW to
ENE±WSW shortening. The indication that NE±SW
predates ENE±WSW shortening is consistent with the
relationships recorded at Site 7.

Right and left-lateral strike-slip faults at Sites 12, 13
and 15 (Fig. 3n, p and r and Table 1) suggest E±W
shortening. Unfortunately, in none of these sites could
we identify clear-cut indications for relative timing of
this shortening direction. However, faults measured at
Site 15 on both ¯anks of a NNE-plunging fold cluster,
after retilting, into homogenous left- and right-lateral
groups (Fig. 3r). This suggests that the deformation of
the meso-faults occurred at an early stage and was fol-
lowed by map-scale folding with both involving similar
E±W shortening.

The Moose Mountain structure developed through
a complex sequence of thrusting and folding (e.g.
Newson and Sanderson, 1996). Meso-scale structures
could have developed at any of these deformation
stages. The data observed do not provide unequivocal
indication for the time of the meso-structure develop-
ment relative to the macro-scale structures. As a ®rst
approximation, we assumed that they had been
formed before the major macro-scale structures; hence
all the data in Fig. 3 and Table 1 were calculated as
though the beds were horizontal during deformation.
However, meso-structures could have developed at
any stage of deformation. As an example, Newson
and Sanderson (1996) interpreted small back thrusts in
the subsurface (Fig. 2). These thrust faults probably
formed during a relatively late stage of the Moose
Mountain deformation. Meso-scale reverse faults
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could have developed in association with this late
back thrusting. However, the improved clustering of
data and derived shortening directions when plotted
after retilting (Figs. 3 and 4) further supports the
assumption that the meso-scale structures were formed
before the major episodes of Laramide thrusting and
folding.

The macro-scale structural pattern re¯ects in general
NE±SW to ENE±WSW shortening, similar to the ma-
jority of the meso-structures, and thus could have
evolved simultaneously, or at a late stage under the
same general strain ®eld. However, meso-scale struc-
tures related to NNE±SSW shortening appear to be
younger than those related to NE±SW to ENE±WSW
shortening and could have developed or been reacti-
vated after the general tilting. Hence, the application
of retilting correction to these structures is uncertain.
However, because of the geometries involved, the
di�erences in mean SHmax attitudes of these ®ve groups
of structures that result from a retilting range from 28
to 98, and do not a�ect the results in any signi®cant
way.

The kinematic history of the Moose Mountain struc-
ture based on meso-structural analysis indicates three
distinct shortening directions and related paleostress,
SHmax orientations (Fig. 4). The NE±SW±ENE±WSW
shortening, dominant among the meso-structures in
the study area, aligns with the axis of the Moose
Mountain structure (Fig. 1) and is in accordance with
the youngest deformation phase of the Rocky
Mountain Front Ranges (Ower, 1975; Price, 1981;
McMechan and Thompson, 1989; Monger, 1989;
McMechan, 1995). Clustering of meso-structural
groups from both ¯anks of the Moose Mountain
structure into E±W and NNE±SSW shortening (Fig. 4)
suggests that these SHmax were e�ective at least at the
scale of the Moose Mountain structure. However, the
signi®cance of these shortening directions for the re-
gional kinematic and tectonic history of the Rocky
Mountains is less certain.

Both E±W and NNE±WSW shortening directions
are also indicated by meso-scale structures in the
Front Ranges south of the study area (Price, 1967;
e.g., respectively, ®gs 10 and 18). Furthermore, it is
interesting to note that the inferred NNE±SSW com-
pressional axis is sub-parallel to major intra-continen-
tal dextral shear zones in the Canadian Cordillera.
Price and Carmichael (1986) compiled the evidence for
major dextral o�sets to the west and northwest of the
study area along the Tintina Trench±Northern Rocky
Mountain Trench fault zone and the Fraser River±
Straight Creek fault zone. They suggest that most of
the dextral slip on the Tintina trench±Northern Rocky
Mountain trench fault zone was transformed south-
wards into oblique convergence in the southern Rocky
Mountains during Late Cretaceous and Paleocene

time. Though it is not exactly in the orientation antici-
pated by Price and Carmichael (1986), it is conceivable
that this event represents an inboard e�ect of strike-
slip faulting to the west in late Mesozoic±early
Tertiary time. Obviously, much more wide ranging
®eld studies are required to assess this possibility.

In the U.S. Rocky mountains to the south of the
study area, NE±SW, E±W and N±S±NNE±SSW
shortening orientations have been identi®ed and
attributed to the opening of the North Atlantic
Ocean during Cretaceous±Tertiary time (Gries, 1983).
Gries (1983) interprets that, unlike our results, short-
ening orientations in the northern U.S. Rocky
Mountains evolved from E±W to NE±SW, but in ac-
cordance with our results she suggests that the N±S±
NNE±SSW shortening is the youngest phase. She
relates this latter shortening trend to the opening of
the Arctic Ocean during the middle Paleocene. The
similarity of the three shortening trends between these
two regions raises the possibility that the meso-struc-
tures in the Moose Mountain structure have regional
signi®cance.

5. Conclusions

1. Analysis of meso-structures delineates several
phases in the deformation history of the Moose
Mountain structure and provides constraints on
their nature and relative timing.

2. In the Moose Mountain area, we interpret earliest
deformation to have involved NE±SW shortening
that appears to have changed to ENE±WSW and
later to E±W directed shortening.

3. We interpret the existence of a younger, less intense
deformation phase that involved NNE±SSW short-
ening.

4. All small-scale reverse faults in the study area were
probably formed during the early deformation
phase in association with large-scale thrusting in the
Rocky Mountains. This inference is further sup-
ported by an improved clustering on stereoplot
after retilting. Some of the veins are interpreted to
have formed simultaneously with the reverse fault-
ing. On the other hand, the small-scale strike-slip
faults and folds clearly are products of later defor-
mation phases. However, some of the strike-slip
faults and some of the veins were probably pro-
duced by reactivation of pre-existing structures.

5. The study further demonstrates that meso-structures
can document phases of deformation which macro-
structural information and regional ®eld mapping
will not readily reveal and record the internal defor-
mation history of large thrust sheets.
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